− 2 anions has been performed in a cryogenic 22-pole radiofrequency multipole trap. Measurements of the detachment cross section as a function of laser frequency near threshold have been analysed. Using this bound-free spectroscopy approach we could demonstrate rotational and vibrational cooling of the trapped anions by the buffer gas in the multipole trap. Below 50 K the OH − rotational temperature shows deviations from the buffer gas temperature, and possible causes for this are discussed. For H 3 O − 2 vibrational cooling of the lowest vibrational quantum states into the vibrational ground state is observed. Its photodetachment cross section near threshold is modelled with a Franck-Condon model, with a detachment threshold that is lower, but still in agreement with the expected threshold for this system.
Introduction
Buffer-gas cooling of trapped molecular ions has been established as a standard technique for producing cold molecules in recent years 1, 2 . The method is efficient both for translational and for internal degrees of freedom, but precise temperature measurements have only been performed for a limited number of molecular ions. Most temperature measurements rely on high resolution spectroscopy that resolves the Doppler profile to determine the kinetic temperature of the trapped ions [3] [4] [5] [6] [7] [8] . Effective temperatures for the internal degrees of freedom have also been determined using rotationally-resolved boundbound spectroscopy for rotational temperatures 3, 9, 10 or, more rarely, using a vibrational hot-band analysis for the vibrational temperature 11 . All of these techniques rely on bound-bound action spectroscopy and are thus not applicable when efficient probing schemes are not available, which is often the case for molecular anions.
For negative molecular ions, however, photodetachment of the excess electron provides a means of action spectroscopy that is applicable to essentially all negative ions. Although at first thought it may seem surprising that the non-resonant photodetachment process, by which an electron may be lifted into the continuum as soon as the photon energy exceeds the electron affinity of the resulting neutral molecule, actually provides internal-state information on the initial anionic molecule. However, one should keep in mind that while the detached electron may have any amount of kinetic energy, the molecular internal structure typically prevails, so that welldefined propensity rules exist for the discrete set of possible associated state-to-state transitions. The total cross-section for photodetachment at any given photon energy is thus made up of the sum of all open channels at that energy, weighted by the associated transition strengths and initial state populations. Therefore, by measuring the energy-differential cross section over a region where different channels open, we can determine the population of the corresponding initial states of the molecular anion.
In this paper we demonstrate near-threshold bound-free photodetachment spectroscopy as a thermometry scheme for molecular anions that are trapped in a multipole radiofrequency ion trap. We present results for the hydroxyl anion OH − , one of the simplest molecular anions, and for the hydroxyl-water cluster anion H 3 O − 2 , a prototype for anionmolecule clusters. The ions are subjected to buffer-gas cooling in cold helium gas, the temperature of which has been varied between ten Kelvin and room temperature.
Experimental Methods
The setup employed in these experiments has been described in parts previously 22 . In brief, molecular anions are produced in an electrical discharge in a pulsed gas jet, and extracted using a Wiley-McLaren type mass spectrometer. The time-of-flight selected ions are then stored in a 22-pole radiofrequency ion trap 2 . The trap is mounted on a closed-cycle refrigerator and is equipped with ohmic heaters and a thermal radiation shielding. This allows to fix the trap temperature anywhere between 8 K and room temperature, measured with a silicon diode thermometer. Trapped ions are ther- malized by collisions with an inert buffer gas (helium) that is applied into the trap enclosure at typical densities of 10 14 cm −3 leading to 10 4 -10 5 collisions per second.
After an initial thermalisation time of 10 ms, the anions are exposed to a laser beam propagating along the trap axis for the selected exposure time, after which the remaining ions are detected using the same time-of-flight mass spectrometer. By varying the exposure time, we measure the laserinduced ion loss rate, which is directly proportional to the energy-differential photodetachment cross section at the given photon energy. The full energy-differential cross section is determined by tuning the laser wavelength, which is referenced to a high-resolution wavemeter. The laser light is derived from external cavity red diode lasers for photodetachment of OH − anions, and free-running bluray diode lasers for H 3 O − 2 , which have been built in-house. In either case, the lasers can be tuned over several nanometres using temperature tuning. By coupling the laser light through a single-mode optical fibre temperature-induced drifts of the beam pointing are suppressed. Therefore, the laser always illuminates the same spot within the ion cloud, and a full tomographic measurement 14, 15, 22 at every laser wavelength is not required for the relative cross section measurements.
The ions that remain in the trap after being exposed to the photodetachment laser, are extracted from the trap and detected. In order to distinguish different ionic species the ions enter a multicycle reflectron time-of-flight mass spectrometer. This device consists of two coaxial reflectron mirrors that are placed 460 mm apart, similar to a resonator ion trap 23, 24 . While the rear mirror is held on a repulsive potential the front mirror is grounded as the ion packet enters the device. As this mirror is switched to a repulsive potential as well, the ion packet becomes confined in the multicycle reflectron and travels back and forth between the two mirrors at a fixed mass dependent frequency. Since in a time-of-flight arrangement the mass resolution m/∆m = t/2∆t is directly depending on the flight time, the multicycle reflectron design offers an elegant way to achieve a desired mass resolution by confining the ions for a given number of cycles. Fig. 1 displays the mass resolution for OH − achieved using the multicycle reflectron as a function of the first 35 cycles. When the desired mass resolution is achieved the ion packet is released by switching the front mirror to ground again. The ions leave the device and get detected on a multi channel plate ion detector.
Results and Discussion

Near-threshold photodetachment of OH −
For the hydroxyl molecular anion OH − in the radiofrequency 22-pole ion trap, the vibrational motion can be considered to be frozen out completely (i. e. there is on average far less than one excited-state ion present in the trap) already at room temperature. At low temperatures we therefore only have to deal with rotational excitations of an approximately rigid rotor with a rotational constant of B 0 = 18.735 cm −1 12 . At 50 K, rotational levels up to J = 2 are populated to a measurable degree. Measurements have therefore been performed for a range of photon energies covering the thresholds of the lowest three rotational states, as described in the experimental methods section below.
The hydroxyl anions lies at 14740.982 (7) cm −1 , the electron affinity of neutral 16 O 1 H 13 . When tuning the photodetachment laser to a slightly larger photon energy, photodetachment dominates the ion loss from the trap, as shown in Fig. 2 . The long background lifetime of the ions in the trap of more than 10 3 s allows for photodetachment rate measurements over several orders of magnitude. The inset in Fig. 2 shows a twodimensional tomography scan of the spatial density of the trapped ion cloud, which is used in the determination of absolute photodetachment cross sections 14, 15 .
For photon energies below the J = 0 detachment threshold, only rotationally excited hydroxyl anions can be detached. The measured relative rate of photodetachment of the trapped ions is plotted in Fig. 3 as a function of the photon energy, which is tuned across the detachment thresholds for the first three rotational states. The scan was obtained for a helium buffer gas temperature of 50 K. The thresholds for the states with J = 0, 1, and 2 are clearly observed. They are assigned to the openings of the photodetachment transitions R3(0), Q3(1), and P3(2) (for the notation see Ref. 13 ) transitions, which all form neutral OH in the rotational ground state of the 2 Π 3/2 spin-orbit manifold. Thus, the energy difference between the thresholds represents directly the rotational levels in the molecular anion, which are known from rotational spectroscopy 12 to be given by 37.5 cm −1 for the J = 1 ← 0 excitation and 112.3 cm −1 for the J = 2 ← 0 excitation, respectively. The measured differences of the thresholds agree very well with this prediction.
The shape of the cross section near threshold, more specifically the relative heights of the components that terminate at the different thresholds, is determined by the population of the different rotational states of the anion. To describe the shape of the cross section we employ the functional form
where hν is the photon energy, P(J) is the population of the rotational levels of the hydroxyl anion, I J and ε J are the corresponding Hönl-London factors (taken from Ref. 13 ) and threshold energies, and p is the exponent for the power law describing the energy dependence of the cross section near threshold. For a non-interacting outgoing s-wave electron p = 0.5, corresponding to the Wigner threshold law. In the present case the electron-dipole coupling modifies the power law 16 . For this scenario the exponent has been derived to be p = 0.28 17 . By fitting Eq. 1 to the measured cross section in Fig. 3 , we obtain the population in the rotational levels J = 0 . . . 2. When leaving p as free parameters in the fit, we obtain p P = 0.23 (4) and p Q = 0.30(2) for the P-and Q-branches, respectively. As these values are in good agreement with the value derived in Ref. 17 , we fix the parameter to the latter value p = 0.28 to improve the stability of the fit. This leaves the rotational populations as the only free fit parameters. From the population ratio of two rotational states the rotational temperature can be derived. The most precise evaluation is based on the ratio of molecules in J = 2 and J = 1, since these two thresholds have been covered best in the frequency scan. This yields a rotational temperature of 57 ± 6 K for the data in Fig. 3 , in reasonable agreement with the helium buffer gas temperature of 50 K.
Further spectroscopic scans of the photodetachment rate near threshold have been performed for buffer gas temperatures of 10 and 23 K and the spectra have also been fit with Eq. 1. Fig. 4 compares the obtained rotational temperatures to the buffer gas temperatures in the corresponding measurements. While at higher temperatures, the temperatures agree roughly within the experimental uncertainty, a significant deviation is found for lower temperatures, where the ion temperature always exceeds the buffer gas temperature.
Different causes may be responsible for this deviation. Radiofrequency heating due to collisions with buffer gas atoms in the presence of the radiofrequency field is known to increase the translational temperature of trapped ions. This will indirectly also affect the rotational temperature. However, this effect is suppressed in traps with a high multipole order such as the employed 22-pole trap to the level of a few percent 1,2 . It may, however, play a larger role if the effective potential is disturbed by surface patch potentials or by pockets that are induced by slight geometrical distortions of the trap electrodes 18 . The two different rotational temperatures measured for 10 K buffer gas temperature in Fig. 4 , even though barely statistically significant, may be caused by different patch potential conditions in the ion trap. A second possible mechanisms is the direct rotational excitation by room temperature blackbody radiation that enters the trap via its entrance and exit electrodes. Incomplete thermalisation can be excluded, because many hundred to a few thousand buffer gas collisions have occured even for the shortest storage times that we employed in the measurements. In the future, we will carry out further investigations by varying the trapping potentials and the buffer gas conditions in the trap, in order to clarify the source of the observed rotational heating.
Near threshold photodetachment of H
For small molecular systems where the rotational structure can be clearly resolved the above method should be of general use. In order to test the applicability for larger molecules and probe its sensitivity on vibrational cooling the photodetachment thermometry method is now applied to a more complex molecular system.
is a model system for a molecular cluster that may rotate and vibrate even at low temperatures, because of several low-frequency vibrational modes. It represents the smallest deprotonated water cluster, small enough that full ninedimensional Born-Oppenheimer potential calculation and detailed quantum calculations of the fundamental vibrational frequencies have been carried out 19, 20 . It has been found that the ground state structure of H 3 O − 2 is an inversion-symmetric bent configuration with the central proton shared between hydroxyl anions. As a consequence, the low-frequency vibrational modes are split due to tunnelling. The threshold for ground state H 3 O 1.18 eV 21 and neglecting possible bound states in the neutral OH-water complex. We have therefore measured the nearthreshold photodetachment cross sections at a fixed photon energy of 24410 ± 20 cm 1 for trap temperatures of 30, 85, 130, 180 and 205 K respectively, using the tomographic procedure outlined in the methods section. The result is shown in Fig.  5 . At room temperature, where we could only complete a partial tomography due to the increase in width of the density distribution, we estimate a cross section of 1.5 ± 0.5 MBarn (1 MBarn = 10 −18 cm 2 ) by extrapolation. The data in Fig. 5 show a strong increase of the cross section with temperature, which also requires a strong dependence of the detachment cross section on the internal quantum state. In turn, the change in cross section also shows that cooling of these internal quantum states actually takes place when lowering the buffer gas temperature from room temperature down to 30 K.
To gain further insight, the photodetachment cross section is measured as a function of the laser frequency in the vicinity of the detachment threshold. The results are plotted in Fig. 6 for temperatures of 30, 85, 130, 205 and 300 K, respectively. For all temperatures the cross section increases with a nearly linear photon energy dependence and with an apparent threshold of about 24000 cm −1 . The tuning range of the employed diode laser was limited to energies above 24150 cm −1 , which prevented measurements closer to this apparent threshold. Nevertheless it becomes evident that the energy dependence of the cross section is quite different from that for bare OH − . Describing it with a function proportional to (hν − E 0 ) p near an energy threshold E 0 , the data suggests p to be approximately 1 for H 3 O caused by its internal structure, as discussed below.
For all studied temperatures in Fig. 6 a linear extrapolation fits the data well. The intercept of this extrapolation with the photon energy axis is approximately the same for all temperatures and its value of about 24000 cm −1 agrees well with the expected threshold of 24200 cm −1 , in particular when considering that the latter value has an estimated accuracy of several hundred wavenumbers. The slope, however, changes significantly, which is again a signature of cooling of the internal temperature of the trapped H 3 O . Therefore all dipoleallowed detachment transitions are also energetically allowed at the photon energies of the measurement. The Hönl-London factors for all dipole-allowed photodetachment transitions of a specific rotational state of the anion are assumed to sum up to unity, similar to the case for OH − where this renders the absolute photodetachment cross section independent of temperature 15 . This implies that a change of the rotational population due to lowering the temperature will not have an influence on the measured cross section. The observed change therefore has to be attributed to vibrational cooling of the cluster anion and not to rotational cooling.
The lowest vibrational frequencies of the cluster are two frequencies ω + , ω − of the torsional mode of about 132 and 215 cm −1 , which are split due to tunnelling between different equivalent structures on the Born-Oppenheimer potential surface 20 . At 30 K one expects from Boltzmann statistics about 0.1% in the lowest excited vibrational state. Even if the vibrational temperature of the anions were several Kelvin larger than the buffer gas temperature, which may occur due to trap imperfections and radiofrequency heating (see also the discussion in section 3.1) 2 , still no substantial population in any of the excited state is expected. Then at 85 K about 11% of the anions should be found with one of the two torsional modes excited. Higher-frequency vibrational modes and also overtones of the low frequencies only become populated at higher temperatures. At 200 K many states are populated, but due to the lack of knowledge on the eigenenergies of the overtone states we did not calculate populations for this temperature.
For the two torsional eigenstates, which are symmetric and antisymmetric linear combinations of two localised torsional modes, we assume that their Franck-Condon factors upon photodissociation to the neutral OH-H 2 O system, which subsequently dissociates into OH and H 2 O, are the same. One can then use the measured detachment cross sections for 30 K and 85 K, which increase by about a factor of 1.2 (see Fig. 5 ), to extract that the 11% torsionally excited anions should have about a threefold enhanced detachment cross section compared to vibrational ground state clusters.
To understand the threshold behaviour of the cross section we have developed a qualitative Franck Condon model. A full theoretical model, which would be required in order to use the presented measurements for calibration-independent vibrational thermometry, is beyond the scope of this work. Here we restrict ourselves to a one-dimensional description along the O-O direction and assume that upon photodetachment the neutral molecule will dissociate primarily along this direction. We fix all other coordinates to the equilibrium values for the anion that were obtained from a MP2/augcc-PVDz geometry optimization and assume that no significant geometry changes along orthogonal directions occur upon photodetachment. Our calculation does not account for zero point energy which is a prerequisit to find the symmetric (HO· · ·H· · · OH) − anion geometry. Instead the equilibrium structure used in this model is described The energy difference between the anion ground state and the neutral asymptote OH + H 2 O is assumed to be 3.0 eV or 24200 cm −1 21 . To obtain the potential curve for the dissociating neutral complex, we have performed one-dimensional ab initio potential energy calculations at the CCSD(T) level of theory in the aug-cc-PVDz basis. Neglecting zero-point energies, this potential is also shown in Fig. 7 , it features a shallow minimum around ≈ 3.2Å. In the range between 2.1Åand 2.7Å, the ab initio potential is repulsive and lies higher in energy than the asymptote.
The photodetachment cross section depends on the FranckCondon overlap between the anion and neutral vibrational wavefunctions and on the amount of excess energy that is released to the free electron. As the Franck-Condon overlap with the bound neutral states residing in the shallow potential well is small, detachment into bound states is expected to be negligible. The neutral wavefunctions in the dissociation continuum are simplified by delta functions at the inner turning points of the potential. The Franck-Condon factor then becomes the square of the anion vibrational wavefunction at a fixed O-O distance. The excess energy taken by the electron is given by the difference between the photon energy, the threshold energy for photodetachment and the repulsive energy between the neutral fragments. As the photon energy is increased, larger repulsive energies can be reached, so that smaller O-O distances become accessible for photodetachment. Due to the Franck Condon factor this enhances the cross section much more than it is reduced by the decreasing electron excess energy. Qualitatively, this causes the approximately linear increase of the cross sections in Fig. 6 .
More specifically, the photodetachment cross section can be obtained by integrating over all contributing O-O distances. Using a similar threshold scaling for the electron kinetic energy as for OH in the previous section (see Eq. 1), the cross section here is given by
where hν is again the photon energy, E 0 is the energy threshold of the cluster, V (r) is the repulsive potential of the neutral complex, and ψ(r) is the anion wave function as a function of the O-O distance r. For the exponent p we assume 0.5 for s-wave electron detachment, which should be a better assumption here than for OH − due to the vanishing electric dipole moment of the inversion symmetric ground state of H 3 O − 2 . The result of this model is overlaid with the 30 K data in Fig. 6 , where both a reduction of the energy threshold to 23700 cm −1 and a scaling factor had to be applied to fit to the experimental data. Qualitatively, the model reproduces the shape of the 30 K data, identified as photodetachment from the vibrational ground state of the anion. Also the asymptotic cross section for photon energies high above threshold where the FranckCondon factor approaches unity falls into the same order of magnitude of 10 −17 cm 2 as for OH − . The lowering of the energy threshold by 500 cm −1 can either be caused by the finite accuracy of the neutral potential calculation or by the uncertainty of the dissociation energy of the anion. In future work it would be desirable to independently obtain either E 0 or V (r) with higher accuracy, because then the detachment data can be used to put stronger constraints on either the dissociation energy of the H 3 O − 2 cluster or the dissociative potential of the OH + H 2 O collision system.
Upon increasing the temperature to 85 K, the tunnelling doublet of the torsional mode becomes excited. To first approximation, this leaves the shape of the ground state wavefunction of the O-O-stretch mode unaffected. In this situation, a ∆ ν torsion = −1 photodetachment transition becomes possible, which allows for a larger electron kinetic energy. Although the Franck-Condon overlap is supposedly small for this type of transition, the extra electron energy may increase the total cross section. The one-dimensional model described above can not treat this case. A quantitative evaluation of the change in cross section for the torsionally excited vibrational states already requires a multi-dimensional calculation beyond the scope of this work. As temperatures increase beyond 100 K, overtones of the torsional mode become excited. At this point, even qualitative predictions are difficult, as the corresponding energies and wavefunctions are largely unknown. Furthermore, it seems conceivable that also rotational excitation may affect the Franck Condon overlap and thereby the cross section by means of centrifugal stretching of the O-H-O bonds.
Conclusion
We have shown that near-threshold photodetachment spectroscopy of trapped and buffer gas cooled molecular anions is capable of measuring internal state populations. This will allow further investigations of the efficiency of thermalisation of the rotational and vibrational degrees of freedom by buffer gas cooling under different trapping conditions. The information is also useful for internal state-dependent collision and reaction studies, and has recently already been employed in reactions of H 3 O − 2 with CH 3 I 25, 26 . Furthermore, photodetachment spectroscopy is an important prerequisite for high resolution terahertz spectroscopy of low-lying rotational and vibrational states in such systems, because it allows for action spectroscopic detection of inernal excitations on the fewmolecule level. While our method is in principle quite general and can be applied to essentially any anionic species, a sufficient understanding of the molecular structure of both the anion and the corresponding neutral is necessary.
